Reticulons are a large family of integral membrane proteins that are ubiquitous in eukaryotes and play a key role in functional remodelling of the endoplasmic reticulum membrane. The reticulon family is especially large in plants, with the Arabidopsis thaliana genome containing twenty-one isoforms. Reticulons vary in length but all contain a conserved Cterminal reticulon homology domain (RHD) that associates with membranes. An understanding of the structure and membrane interactions of RHDs is key to unlocking their mechanism of function, however no three-dimensional structure has been solved. We believe that this is, in part, due to difficulties in obtaining reticulon proteins in yields sufficient for structural study. To address this, we report here the first bacterial overexpression, purification, and biophysical investigation of a reticulon protein from plants, the RTNLB13 protein from A. thaliana.
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INTRODUCTION
The endoplasmic reticulum (ER) is the entry of point of the secretory pathway in eukaryotic cells 1 . It is a very dynamic, polymorphic network of membrane sheets and tubules 2 , which is anchored to the cytoskeleton and undergoes constant remodelling 3 . In plants, the ER is the key site of synthesis of storage proteins and lipids. In some species, the ER itself serves as a protein storage compartment 4 . The unique morphology of the ER depends on proteins that can shape its membrane into tubules or sheets 5 .
Reticulons are a large family of integral membrane proteins that have been demonstrated to be both necessary and sufficient to induce the formation of ER tubules, both in vivo 6, 7 and in vitro 8 . Reticulons have been shown to be a requirement for embryonic viability in Caenorhabditis elegans 9 , and are ubiquitous in eukaryotes, suggesting a general requirement for reticulons. In higher eukaryotes, including humans, reticulons appear to have a role in neurological disorders with the best studied example, RTN4-A or Nogo, re-igniting interest in this protein family twelve years ago 10, 11 . They have also been implicated in apoptosis, neurite growth and interacting with the BACE enzymes in mammalian systems 12 . Recently, GTPases such as RHD3 and atlastins were shown to interact with the reticulons and to further contribute to ER network formation 8 . The reticulon gene family is remarkably large in higher plants 10 , referred to as reticulon-like proteins family B (RTNLB). Indeed there appear to be many more isoforms in plants than are found in mammalian or yeast systems, with the Arabidopsis thaliana genome containing at least 21 reticulon isoforms 5 as compared to four in mammalian systems (RTN1-4) 11 and two in yeast. When overexpressed in plant cells, reticulons are able to remodel the ER membrane by introducing constrictions in the tubular ER network, which limit diffusion of soluble proteins in its lumen 6, 13 M A N U S C R I P T
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Reticulons vary considerably in length (from 200-1200 residues), but share a conserved Cterminal region called the reticulon homology domain (RHD) which facilitates association with the membrane via two large hydrophobic regions 10 . The shortest plant reticulon isoform, RTNLB13 from A. thaliana (206 amino acids), is composed almost exclusively of a single RHD and has been shown to remodel large ER cisternae into tubules in vivo 14 . While the topology of the RHD has been the subject of some debate (i.e. whether it forms a two transmembrane (TM) domain V-shape vs. a four TM domain W-shape in the membrane, Fig. 1A ), in vivo data suggest that five reticulon isoforms (including RTNLB13) from A. thaliana each contain four TM domains within the RHD, forming a W shape in the ER membrane and placing the N-and Ctermini and the loop between TM domains 2 and 3 in the cytosol 13 . This topology has been further supported in a recent structural study by Brady and co-workers of the RHD-containing
Yop1p protein from Saccharomyces cerevisiae 15 .
The tubule-forming activity of reticulons has been proposed to derive from a combination of wedging -i.e. the ability of reticulons to cause higher displacement of the outer leaflet of the ER membrane -and scaffolding, which is caused by several wedge-shaped reticulons forming lowmobility oligomeric assemblies within the membrane 9 . The wedging property of reticulons seems to be a function of both their topology and the unusual length of their TM regions. Both shortening the TM domains of a plant reticulon 14 and lengthening the TM domains of a mammalian reticulon 16 lead to a loss of both tubule-forming function and the capacity of these proteins to oligomerise. The general conclusion from these experiments is that the length and number of the TM domains is crucial to reticulon function.
Despite these studies, as yet there is no three-dimensional structure elucidating the exact TM toplogy of reticulons or their mode of function. This is in part due to the significant challenges of
protein production. Indeed, over the past 10 years very few laboratories have been able to demonstrate successful overexpression, purification and reconstitution of recombinant RHDs in yields suitable for structural or functional measurements, with only two reports in E. coli 15, 17 and two in yeast 7, 8 . The few high-resolution structural studies reported have focussed primarily on the soluble loops and N-and C-termini of mammalian isoforms, specifically human RTN1-C 18 , human RTN3 19 and human RTN4 (also known as the neurite outgrowth inhibitor or Nogo) [20] [21] [22] . These studies have revealed metal-binding properties of the C-terminus of RTN1-C 18 , the intrinsic disorder of the N-and C-terminal tails of human RTN3 and RTN4 19, 21 (proposed to confer multi-functionality) and the stable folding of the extracellular loop of human RTN4
(called Nogo-66) on the surface of membrane mimetics 20, 22 . Only twice have high-resolution structural analyses been reported for the entire RHD (i.e. including TM domains): the first was for human RTN1-C 17 and more recently the Yop1p RHD from S. cerevisiae was investigated 15 .
In both studies, the RHDs were shown to contain significant α-helical content and form oligomers. Brady and coworkers went further to suggest a structural model for Yop1p RHD based on NMR chemical shift and relaxation measurements 15 which included a putative Cterminal amphipathic helix thought to play a key role in tubule formation in vitro. Such an amphipathic helix has also been proposed at the C-terminus of the plant reticulon RTNLB13 23 .
As RTNLB13 is both the smallest and best-studied plant reticulon isoform, it is an ideal candidate for further structural investigation of the RHD. Toward this end, we report here the first bacterial overexpression, purification, and preliminary biophysical characterization of RTNLB13. We have optimized expression of this protein in yields suitable for structural characterization, developed a protocol for reconstitution in a range of membrane mimetic environments, and have used circular dichroism and analytical ultracentrifugation to characterize M A N U S C R I P T A C C E P T E D 
EXPERIMENTAL METHODS
Protein expression and membrane harvesting.
The A. thaliana RTNLB13 gene was codon optimized for E. coli and an N-terminal octahistidine tag was added at the N-terminus. The optimized His 8 -RTNLB13 gene was synthesized by Genscript (Piscataway, NJ), amplified using PCR and digested with NcoI and
BamHI. The digested PCR product was ligated into a similarly digested pET28a vector (Novagen) and transformed into E. coli expression strains BL21 (DE3), C41 (DE3) or C43 (DE3). Cells expressing unlabeled protein were grown at 37°C to OD 600 = 0.6-0.7 before induction with 0.4 mM isopropyl β -D-1-thiogalactopyranoside (IPTG), at which point the temperature was reduced to 30°C and overexpression was carried out for 4-6 hours. 
Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE)
The purity of all protein fractions at each stage of preparation was assessed using SDS-PAGE (visualized using both Coomasie Blue R250 and silver nitrate) and immunoblotting against the His 8 tag. SDS-PAGE gels (12%) were prepared according to the Laemmli protocol 26 .
Pre-cast 12% NuPAGE Bis-Tris gels (Invitrogen, UK) were also used according to the manufacturer's instructions. Samples for SDS-PAGE were prepared by mixing RTNLB13
samples with SDS-PAGE loading buffer (125 mM pH 6.8, 20% glycerol, 4% SDS, 0.02 % bromophenol blue, 5 mM dithiothreitol (DTT)) or NuPAGE LDS sample buffer (Invitrogen) and heating at 37°C for 10 minutes or 70°C for 10 minutes, and were run alongside See blue Plus 2 (Invitrogen, UK) or Color-plus 7-175 kDa (New England Biolabs, UK) prestained markers.
Circular Dichroism
CD spectra were collected on Jasco J-815 or J-720 spectropolarimeters (Jasco UK, Great Dunmow, UK) equipped with Peltier temperature control and xenon light sources. Samples typically contained 0.14-0.24 mg/mL (6-10 µM) His 8 -RTNLB13, 20 mM sodium phosphate (pH 7.0), 50 mM NaCl, and the detergent of interest at concentrations ranging from 15-20 mM.
Spectra were recorded between 190 nm and 280 nm, with a bandwidth of 2 nm and a data pitch of 0.2 nm. Buffer spectra were also recorded for baseline subtraction. Protein concentrations were approximated via the Beer Lambert law using absorbance of the protein at 280 nm (A 280 ).
The machine units of mdeg were converted to mean residue ellipticity (MRE) to normalize to protein concentration. CD data were evaluated using a self-organizing map algorithm, Secondary
Structure Neural Network (SSNN), which provided a prediction of the protein's secondary structure and an independent estimate of the samples' concentration 27 . Data below 196 nm were
excluded as the quality of the spectra in this region was less reliable and would negatively impact the accuracy of structure predictions. SSNN was retrained for this work using parameters according to the developer's instructions 28 , and CD data were fit using the newly trained neural network after applying scaling factors from 0.05-0.8 in steps of 0.05 or 0.01 to account for inaccurate protein concentration estimates. The best fit of the experimental data was selected based on the root mean squared deviation and visual evaluation.
Analytical Ultracentrifugation
Analytical MHz spectrometer or an Avance 600 MHz spectrometer (Bruker Biospin), the former equipped with a triple resonance inverse cryoprobe with Z-gradients. The 600 MHz instrument was fitted with a TBI inverse, room temperature, triple resonance probe with Z-gradients. Data was processed in Topspin 2.1 (Bruker Biospin).
RESULTS AND DISCUSSION
E.coli expression, purification, and characterization of RTNLB13 from A. thaliana
Three E.coli strains were tested for expression levels of His 8 -RTNLB13, namely BL21(DE3), and the C41 and C43 strains optimized for membrane protein expression and referred to as the Walker strains 31 . As shown in Fig. 1B , upon testing two expression temperatures and two IPTG concentrations, the BL21 (DE3) strain was found to produce the largest amount of protein when grown in LB medium. Western blotting revealed two intense bands migrating at the expected monomeric and dimeric molecular weights (predicted monomeric MW = 23.8 kDa), and also showed evidence of aggregated protein in the wells of the gel. Differential centrifugation indicated that the bulk of His 8 -RTNLB13 was located in the membranes (Fig. 1C) . When the medium was changed to M9 minimal medium, containing 15 N ammonium chloride (1 g/L) as the primary nitrogen source and glucose (2 g/L) as the sole carbon source, protein expression levels fell below detection. Because low levels of trace metals can substantially affect cell health, and it has been shown that addition of 100 µM iron can increase M A N U S C R I P T
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expression to similar levels achieved when a 'full' trace metal mixture was utilized 32 , 100 µM iron (III) chloride was added to the media. As shown in Fig. 1D , expression was restored upon addition of iron and 1 mM IPTG. The glucose concentration was also varied, however had a negligible effect on expression levels of singly 15 N-labelled protein and was therefore maintained at 2 g/L. The glucose concentration was increased to 4 g/L (or even 8 g/L) to express doubly Coomassie blue staining (see upper panel of Fig. 1E ) was consistently ineffective at detecting His 8 -RTNLB13. To resolve these detection issues, silver staining was used, however silver nitrate was also unable to bind to His 8 -RTNLB13. This behavior has been reported in the past, for example Newstead and coworkers 33 were only able to detect overexpression of some membrane protein-GFP fusions through fluorescence detection because Coomassie staining was M A N U S C R I P T A C C E P T E D 2A-C, increasing the detergent concentration from 10 mM (M/P = 1) to 200 mM (M/P = 32), at pH 6.8 and 25°C, did not lead to a large increase in the number of peaks observed (provided in parentheses) but did lead to sharpening of the peaks and more consistency in peak intensities across the spectrum. A similar improvement of the spectrum was observed in LMPG from concentrations between 60 mM (M/P = 8) and 230 mM (M/P = 32) (see Fig. S1 ), except that in this detergent the number of protein peaks did increase with detergent concentration.
Effect of detergent concentration, temperature, and pH on His 8 -RTNLB13 NMR spectra
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The temperature at which NMR spectra are collected can also affect the number and width of observed peaks. Often a high temperature (> 37°C) results in improvement of the spectrum due to an increase in the tumbling rate of the membrane protein -micelle complex and subsequent sharpening of the peaks. In this study spectra were acquired for His 8 -RTNLB13
solubilized in either 200 mM DPC or 230 mM LMPG at temperatures ranging from 25-45°C.
Comparison of Fig. 2C and 2D demonstrates that several new peaks (we estimate seven) were observed in the DPC-solubilized His-RTNLB13 spectrum upon increasing the temperature from 25°C to 37°C. This effect was observed in both detergents (although data is only shown for DPC), however further increases in temperature (40-45°C) lead to protein precipitation and / or aggregation. Therefore 37°C was selected as the optimal temperature for further analyses.
Finally, the effect of solution pH on NMR spectra was investigated as this parameter can have a large impact on the quality of the spectrum. Reducing the pH below physiological pH is beneficial as it reduces the amide proton exchange rate and leads to sharpening of amide peaks.
Therefore, pH values as low as pH 4.0 are regularly used for structure determination by NMR. (LMPG). In both detergents, the widths of the observed peaks were not significantly affected by changing the pH, nor was there a noticeable increase in chemical shift dispersion. However, the intensity and number of peaks observed in the HSQC spectrum increased by 20-30% as the pH was decreased to 5.0.
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Detergent screen using optimized detergent concentration, pH and temperature
To extend the number of detergents tested to include the six major detergents used thus far to solve membrane protein solution structures, His 8 -RTNLB13 was also reconstituted in C 6 -and C 7 -DHPC, SDS, and LPPG in addition to DPC and LMPG. All samples were prepared using the optimal conditions determined from the experiments described above, i.e. detergent concentrations at or above 100 mM, a low pH (pH 5.0) and a temperature of 37°C, and 1 H-15 N HSQC spectra were acquired with 128 × 2048 data points and 40 scans. The one exception was the sample prepared in SDS, in which precipitation was observed at low pH therefore the sample was prepared at pH 6.8 and the spectrum was acquired at 15°C.
The resulting HSQC spectra are shown in Fig. 3 and the number of observed NMR peaks in each is summarized in Table 1 . Spectra acquired in C 6 -and C 7 -DHPC yielded very few peaks (38 and 26, respectively), and had the lowest signal-to-noise ratio of all the data collected. This is likely due to the low stability of His 8 -RTNLB13 in these detergents. Indeed, protein precipitation was observed in these samples over days (not weeks) suggesting slow protein aggregation. This may be linked to the short acyl chain length in these detergents (Table 1) failing to fully solubilize the protein. SDS yielded a slightly improved spectrum in terms of signal-to-noise ratio and number of observable peaks (48 peaks), but poor chemical shift dispersion (likely caused by the denaturing effects of this anionic detergent) eliminated this sample as a candidate for further study. The spectrum acquired in LPPG yielded 65 peaks, equivalent to that observed in DPC and LMPG, but the variable intensity of peaks in this spectrum appeared more pronounced. Therefore, our results suggest that DPC and LMPG yield the most stable samples and the highest quality NMR spectra. With this in mind, we acquired HSQC spectra with a larger number of points (2048 × 256) and scans (ns = 160) to increase the M A N U S C R I P T
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signal to noise ratio, and the number of observable NMR peaks increased to 107 in 200 mM DPC and 114 in 230 mM LMPG (see values in parentheses in Table 1 ).
Oligomerization of His-RTNLB13 in detergent micelles
The maximum number of peaks (114 peaks 
Secondary structure of His-RTNLB13 in various detergents using CD
The secondary structure content of RTNLB13 has not yet been reported, and may shed light on the structure and topology of the protein and complement the level of information available from NMR. With this in mind, we used both theoretical and experimental tools to study the secondary structure of RTNLB13. The Jpred3 43 and Psipred 44 algorithms were used initially to predict the secondary structure content from the primary sequence, and yielded very similar values ( ~ 68% α-helical/5% β-sheet, with predicted helical regions shown in Fig. 5A ). CD was then used to estimate the secondary structure content of purified His 8 -RTNLB13 in the panel of detergents studied here. Because of the poor NMR spectra obtained in C 6 -and C 7 -DHPC, these detergents were not included in this analysis. tested. Data below 195 nm were not considered due to light scattering and high absorbance reducing the quality of the data. The CD data were fit using the SSNN method 27, 28 (see Fig. S2 for fits) in order to estimate the secondary structure content in each detergent environment, and the results are summarized in Fig. 5C . DPC, LMPG, and SDS-solubilized His 8 -RTNLB13
yielded very similar secondary structure content, with between 44-46% α-helix, 9-12% β-sheet, 
CONCLUSIONS
We report here the first heterologous expression of a plant reticulon, RTNLB13 from A.
thaliana, in E. coli for biophysical and structural analyses. Protein expression was achieved M A N U S C R I P T
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without a fusion partner, and the resulting protein was readily soluble in detergent micelles. The CD, SDS-PAGE and AUC results demonstrated that our recombinant RTNLB13 protein was highly α-helical and capable of forming oligomers, but predominantly monomeric under NMR conditions making it a suitable candidate for further study using high-resolution NMR methods.
We carried out an initial optimization of sample conditions for NMR studies, screening a number of detergent concentrations and types, as well as pH and temperature. There was little correlation between physical properties of the detergent (e.g. chain length, head group polarity, CMC) and the ability to solubilize RTNLB13, further highlighting the requirement to test a range of detergents when working with membrane proteins. Although steady improvement in the quality of the NMR spectrum was achieved, the dynamics of His 8 -RTNLB13 in detergent micelles lead to severe broadening of over 60% of the expected peaks thus impeding attempts at assignment.
Further work is required to establish solution conditions amenable to full backbone assignment.
Apart from demonstration of methods for efficient bacterial overexpression and reconstitution of RTNLB13 for further structural analysis, we sought to shed light on the structure, membrane interactions and topology of this plant reticulon. Topology prediction and secondary structure estimates from CD data lead us to suggest there are likely four TM regions in His 8 -RTNLB13 (and scope for additional helical structure, which will be discussed later). The residues spanning the membrane bilayer (or detergent micelle, in this case) will be highly structured and will reorient more slowly in solution than residues present in the soluble regions We have recently proposed the presence of a 16-residue membrane-bound amphipathic helix (APH) in RTNLB13 spanning residues E 160 -K 175 23 , similar to that found in the RHD-containing protein Yop1p 15 . If we assume that the 16 residues in this APH are highly helical, this would increase the total predicted helical content to 47%, a value that agrees closely with the 44-46% range estimated from CD data. Likewise, if we assume that the 16 APH residues display slow dynamics due to association with the micelle, as was shown for the Yop1p APH 15 , the total number of observable peaks estimated in the HSQC spectrum would decrease to 113, a value that is very close to the maximum number of observed peaks in this study (114). Together, our preliminary CD and NMR data point toward a surprisingly self-consistent model for the protein that is shown in Fig. 6B . This model is highly speculative, but accounts for the helical content 
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TABLES
HIGHLIGHTS
• First heterologous expression of a plant reticulon, RTNLB13 from A. thaliana, in E. coli.
• Structure of detergent-solubilized protein consistent with current models in literature.
• Demonstrate a detergent concentration-dependent ability to oligomerize.
